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Abstract 
Silicon nanopillars and their ordered arrays are attractive structures for solar cell applications. Identifying the suitable geometry, 
for achieving an optimum antireflection property along with the formation of radial junctions, is presented in this paper. It is seen 
that tapered silicon nanopillars help in grading refractive index mismatch between air and silicon optimally. FDTD simulations of 
tapered silicon nanopillars having different height, diameters and period have been done using Lumerical FDTD Solutions® 
software for achieving the optimum optical and electrical characteristics. It is seen that three-fold advantage is obtained with the 
nanopillars optically. First, the nanopillars help in reducing the reflection ensuring a greater injection of the incident light. 
Second, they also enable enhanced light trapping due to multiple reflections from the nanopillar walls ensuring better absorption 
in the nanopillar itself. Finally, the nanopillars act as scattering objects ensuring enhanced absorption in the substrate housing the 
nanopillars. Further, if the dimensions of the tapered nanopillar are chosen optimally, an enhanced charge carrier collection is 
obtained due to the formation of radial junctions. A novel technique of using silica nanoparticles as the masking layer in the 
metal assisted chemical etching process has been proposed for realization of the optimized silicon nanopillars. An average 
reflection loss of ~5% over the spectral range of 300-1100nm is obtained due to the formation of nanopillars on silicon substrate. 
 
© 2014 The Authors. Published by Elsevier Ltd. 
Selection and peer-review under responsibility of Organizing Committee of ICAER 2013. 
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1. Introduction 
Silicon nanostructures have received tremendous research attention in recent years owing to its unique optical and 
electrical characteristics [1]. The use of such nanostructures is particularly promising for solar cell applications as 
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they are potentially cost effective, efficient energy harvesting structures. Optimization of the silicon nanostructure 
for achieving enhanced performance silicon solar cells is a major challenge and needs particular attention. Although 
much work has been done on the use of silicon nanostructures for solar cell applications this paper will present 
articulate nanostructure design for reduced reflection and enhanced charge carrier collection for high performance 
solar cells.  
One line of research for designing silicon nanostructures focuses on the use of sub wavelength nanostructures 
(nanopillar diameter of 75-150nm, height of 100-200nm with a period of 300-500nm) [2-4]. Although such 
structures are very useful for achieving broadband omnidirectional antireflection coating (average reflection < 2% 
over the spectral range of 400-1100nm ) they are mainly suitable for wafer based solar cells as the nanostructures do 
not contribute significantly to enhanced absorption of photons due to light trapping. Further, as the direction of 
photon absorption and charge carrier collection is the same no enhancement in collection efficiency is obtained. In 
an attempt to increase light trapping due to multiple reflections, the nanopillar geometry may be increased which 
worsens the reflection characteristics (average reflection ~20% ) as the design becomes similar to micron- sized 
pyramidal surface texturing which is widely used for crystalline silicon solar cells. It may also be noted here that 
such micron ordered texturing is not applicable to thin film solar cells.  
A thoughtful solution is to therefore choose the geometry in such a manner so as to achieve superior antireflection 
property to enable the formation of radial junctions thereby decoupling the direction of charge transfer and light 
absorption with an increase in the collection efficiency. It is also seen that if the tapered nanopillars are considered, a 
gradual change in effective density and refractive index with depth is obtained and the transition between air and 
silicon appears as a continuous boundary [3]. It may be noted here that such tapered nanopillars have better optical 
characteristics (better reflection and absorption) than their purely cylindrical counterparts. Further, these tapered 
nanopillar configurations are more realistic in nature and can be obtained by chemical or dry etching routes. In this 
paper we have simulated a wide range of tapered nanopillar geometries, to obtain optimum antireflection property 
and radial junctions, which are applicable for thin film solar cells. Initial experiments have been carried out for 
realizing such tapered silicon nanopillars by metal assisted chemical etching using silica nanoparticles as the 
masking layer and preliminary results have been reported.  
2. Optical simulation 
Simulations have been done using FDTD Lumerical Solutions® to optimize the tapered silicon nanopillar 
geometry. Figure 1(a) shows the schematic model of a silicon nanopillar housed on a silicon substrate. Four power 
monitors have been considered to capture data from the simulations. The power monitors are placed in air (Monitor 
1), at the interface of nanopillar and air (Monitor 2), at the interface of nanopillar and silicon substrate (Monitor 3) 
and at a depth of 500nm within silicon substrate (Monitor 4). It is to be noted here that monitor 1 records the light 
reflected from the structure. Monitors 2 and 3 estimate the injected light into the nanopillar and substrate 
respectively. It is evident that the difference in the power obtained from monitors 2 and 3 gives the absorbed power 
within the tapered nanopillar and that from 3 and 4 gives us the absorbed power within the given silicon substrate 
housing the nanopillar. Figure 1(b) shows the actual model simulated using Lumerical FDTD Solution® software 
[5] with refractive index data of silicon taken from Palik [6]. A planar light source is used to simulate the AM1.5 G 
solar spectrum and an air block is used to fill up the simulation region not containing the structure. The use of the air 
block ensures accurate simulations. The simulation region is bounded by Perfectly Matched Layer (PML) in the z 
direction resulting in a semi-infinite air and silicon substrate. Periodic boundary conditions have been applied along 
the x and y directions in order to simulate the periodicity of the structure and to include any coupling effect between 
the nanopillars of the array. The rectangle (in grey color) in figure 1(b) is the actual simulation area. It is interesting 
to note here that a simulation area is only a quarter of the entire simulation geometry. As the structure exhibits 
multiple planes of symmetry, the use of symmetric and asymmetric boundary conditions in the simulation area 
ensures meaningful results simulating the whole structure.   
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Figure 1. (a) Schematic representation of the simulation model 
  and (b) Lumerical FDTD Solution simulation model 
2.1. Optimization of diameter 
The design of the tapered nanopillar particularly focuses on two aspects – (1) to achieve an optimum anti-
reflection property and (2) to enhance the charge carrier collection efficiency enabling the formation of radial 
junctions. In order to form a radial junction in the tapered nanopillar, a junction depth of around 200nm has been 
considered. Such junction depths in the range of 150 nm - 300 nm, depending on the emitter doping,   are generally 
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used for fabrication of radial junction silicon solar cells [7]. Therefore for a junction depth of 200nm on either side 
of the nanopillar, the minimum base diameter of the nanopillar with some separation between junctions (~100nm) 
comes to about 500nm. For obtaining the top diameter (dtop) FDTD simulations have been carried out for tapered 
silicon nanopillars having the base diameter of 500nm, height of 500nm, period of 500nm. The top diameter has 
been varied from 100nm to 500nm. It may be noted here that for a dtop = 500nm, the structure actually corresponds 
to that of a cylinder. Figure 2(a) shows the reflectance of the total structure consisting of silicon substrate with 
tapered silicon nanopillar geometries as mentioned above. It is evident from the figure 2(a) that reflectance is 
reduced for a nanopillar as its top diameter goes on decreasing. This is mainly due to the gradual grading of the 
refractive mismatch between silicon and air. It is important to point out here that for a dtop = 0nm, for which the 
structure resembles that of a cone has not been considered as such pointed interfaces will lead to greater difficulty in 
forming good front surface ohmic contacts with low contact resistance [1]. Therefore dtop = 100nm has been 
considered where an integrated reflectance of 1.9% over the wavelength region of 300-1100nm has been obtained.  
Figure 2(b) shows the ratio of the absorbed power to the incident power within the total structure for the same set of 
top diameters of the tapered nanopillars as in figure 2(a). It is seen that as the top diameter of the nanopillar goes on 
decreasing, the fractional absorbed power goes on increasing reaffirming the optimum gradation of the refractive 
index mismatch for dtop = 100nm. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
   (a)              (b) 
Figure 2. (a) Reflectance from the total structure and (b) ratio of absorbed power to incident power within the total structure for the tapered 
nanopillar of different top diameter (dtop) varied from 100nm to 500nm on the top surface having base diameter of 500nm, height of 500nm, and 
period of 500nm 
2.2. Optimization of height 
Figure 3(a) shows the reflectance from the total structure for the tapered nanopillar having dbase = 500nm, dtop = 
100nm, period =500nm for heights (h) of 500nm, 1000nm, 1500nm. It is observed that for nanopillars having a 
height of 1500nm, the integrated reflection is of the order of 0.265% making it a suitable choice. Similarly figure 
3(b) shows the ratio of the absorbed power to the incident power within the total structure. It is seen that for an 
optimum height of 1500nm, almost all the incident power till 550nm of AM1.5G solar spectrum is absorbed within 
the structure.    
2.3. Optimization of period 
Figure 4(a) and (b) show the reflectance from and the ratio of the absorbed power to the incident power within 
the total structure for the tapered nanopillar having dbase = 500nm, dtop = 100nm, h = 1500nm for different periods 
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(p) of 500nm, 550nm and 600nm. It is seen that a minimum period of 500nm gives an optimum reflection as well as 
absorption characteristics. This corresponds to the fact that tapered nanopillars are to be formed in close proximity 
without any gap between the adjacent pillars. This helps in a gradual grading in the refractive index as well as the 
density between air and bulk silicon to achieve a better optical performance.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
   (a)       (b) 
Figure 3. (a) Reflectance from the total structure and (b) ratio of absorbed power to incident power within the total structure for the tapered 
nanopillar of different heights (h) of 500nm, 1000nm, 1500nm of the nanopillars of base and top diameter of 500nm and 100nm respectively 
having a period of 500nm 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(a)       (b) 
Figure 4. (a) Reflectance from the total structure and (b) ratio of absorbed power to incident power within the total structure for the tapered 
nanopillar of different periods (p) of 500nm, 550nm and 600nm of the nanopillars of base and top diameter of 500nm and 100nm respectively 
having a height of 1500nm. 
3. Absorption in the optimized nanopillar geometry 
Figure 5 shows the absorption profile of the optimized nanopillar (dtop = 100nm, dbase = 500nm, h = 1500nm, p= 
500nm) at wavelengths of 400nm, 600nm, 900nm, 1100nm. It is interesting to note here that the absorbed power in 
the optimized nanopillar depends on multiple reflections from the nanopillar walls. Thus the nanopillars not only 
reduce the reflection but also act as light trapping entities. Figure 6 shows the absorbed power with respect to the 
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injected power within a silicon block with and without the optimized nanopillar (dtop = 100nm, dbase = 500nm, h = 
1500nm, p= 500nm). It is seen from the figure 6 that absorption with respect to injection in the silicon (500nm) 
housing the nanopillars is more than that of a bulk silicon substrate (500nm). This is mainly due to the angular 
scattering in the nanopillars which causes path length enhancement in the substrate housing the nanopillars. Figure 7 
shows the absorption profile of the silicon substrate (thickness = 500nm) housing the nanopillars.  It is evident from 
the figure that the nanopillars are acting as scattering objects. The absorption profile in a block of silicon block 
without any nanopillar can be referred from figure 8. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5. Absorption profile of the optimized nanopillar (dtop = 100nm, dbase = 500nm, h = 1500nm, p= 500nm) at wavelengths of 400nm, 
600nm, 900nm, 1100nm. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6. Absorber power with respect to the injected power within silicon block (500nm thick in this case) with and without the optimized 
nanopillar (dtop = 100nm, dbase = 500nm, h = 1500nm, p= 500nm). 
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Figure 7. Absorption profile of the silicon substrate (thickness = 500nm) housing the optimized nanopillar at wavelengths of 400nm, 600nm, 
900nm, 1100nm. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8. Absorption profile of the silicon block (thickness = 500nm) without the nanopillar at wavelengths of 400nm, 600nm, 900nm, 
1100nm. 
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Further, it is seen that that the angular scattering from the nanopillars is very high (θmax = 420 at 500nm) which 
causes significant light trapping [Figure 9 (a)] which becomes more prominent for thin solar cells with back surface 
reflector structure provided by the back metal contact. The angular scattering may be analytically calculated from 
the simulation results as earlier reported by the authors [8-10]. It is to be noted here that the total absorption with 
respect to injection in the nanopillars and the substrate housing the nanopillars (total depth of 2000nm: 1500nm for 
nanopillars and 500nm for substrate housing the nanopillars) is somewhat less than the total absorption in a 2000nm 
bulk silicon substrate. Attention must therefore be paid to the total number of absorbed photons within silicon in 
each of the cases [Figure 9(b)].  It is seen from the figure that total absorption of photons in the nanopillars and the 
substrate housing the nanopillars is significantly larger than that in a bulk silicon substrate of 2000nm thickness. 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
    
   (a)      (b) 
Figure 9. (a) Cos (θav) for the optimized nanopillar (dtop = 100nm, dbase = 500nm, h = 1500nm, p= 500nm) and (b) Bar diagram of total number 
of absorbed photons for different cases. [Case 1: Bulk silicon (500nm), Case 2: Nanopillar, Case 3: Silicon housing the nanopillar and Case 4: 
Nanopillar and Silicon housing the nanopillar] 
4. Experiments and Results 
To realize the proposed geometry, we have carried out some initial experiments where silicon nanopillars are 
formed by Metal Assisted Chemical Etching (MACE) of silicon in a top down fashion. MACE is a technique used to 
tailor the different parameters of the nanopillars like diameter, height, orientation, morphology etc [11]. In MACE, 
silicon is coated with a noble metal film which acts as catalyst in the etching procedure of silicon in a solution of HF 
and H2O2 (an oxidant). It is generally accepted that MACE is based on local oxidation and dissolution of the Si in 
HF in the presence of an oxidizing agent, whereas the noble metal catalytically enhances the etching process [11, 
12].  
The electronic holes are provided through the reduction H2O2, according to the following reaction: 
 
The generation of electronic holes subsequently leads to the oxidation of Si given by: 
 
It is very critical to control the etch rate of silicon which mainly depends on two important aspects namely (1) the 
size, shape, spacing and connectivity of gold film and (2) concentration of the etchant solution with proper ratio of 
the chemicals. Depending on the deposition of metal film, MACE can be utilized to realize two different types of 
structures: (1) formation of nanopores by deposition of metal islands and (2) formation of nanopillars by deposition 
of patterned contiguous metal film. We have taken up the second approach in this work. Silicon substrate was first 
coated the with silica nanoparticles synthesized by Stober technique [13, 14]. Figure 10 shows the SEM image of the 
synthesized silica nanoparticles coated uniformly on the silicon substrate. This is followed by deposition of gold 
sputtered at a pressure of 0.02mbar to achieve a thickness of ~10nm. The nanoparticles help in patterning the metal 
2 2 22H H O 2H O 2h
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maintaining a well connectivity and spacing in the gold film required in this work. It is then taken into the etching 
solution containing HF, H2O2 and H2O where the silica nanoparticles are stripped along with the etching of the 
silicon substrate to yield the nanopillars [15]. During the etch process contiguous gold film is partly oxidized by 
H2O2 to produce a localized Au+ ion cloud at the interface of the gold film and silicon. These gold ions participate in 
the etching process by capturing electrons from silicon near the Au/Si interface. Thereby, the etching process is 
localized around the gold film. Therefore, an increase in H2O2 concentration increases the concentration of Au+ ion 
and the formation of nanopillars goes faster. In this fast etching process, Au particles are found to undergo some 
lateral movements in arbitrary directions instead of sinking strictly orthogonal to the surface of a (100)-oriented Si 
substrate [15]. So, we have maintained the ratio of H2O2 and HF to 1:20 to overcome this major problem and to have 
a strict orthogonal movement of gold particles. Figure 11 shows the SEM image of the fabricated nanopillar(s). 
Experiments are currently underway to meet the design requirements by optimizing the etching process. 
Reflection measurements of the silicon substrate housed with nanopillars have been done using Bentham PVE 
300 Photovoltaic Characterization equipment which shows a significant reduction in reflection as compared to the 
bare silicon surface [Figure 12]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
    Figure 10. SEM image of synthesized silica nanoparticles coated substrate 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
   (a)      (b) 
 
Figure 11. (a) SEM image of the fabricated nanopillars and (b) Magnified SEM image of a single nanopillar 
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Figure 12. Reflection measurements of the silicon substrate housed with fabricated nanopillars 
5. Conclusions 
In conclusion, it is seen that for a nanopillar height of 1.5μm, base diameter of 500nm, top diameter of 100nm 
and period of 500nm, the average reflection loss reduces significantly (~5% over the spectral range of 300-1100nm). 
As the geometry is capable of realizing radial junctions, this structure will allow 100% collection of the generated 
carriers due to absorbed photons in the nanopillars. Further parametric optimization of the etching process is still 
ongoing for obtaining the desired nanopillar geometry. 
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